A critical component of brain network architecture is a robust hub structure, wherein hub regions facilitate efficient information integration by occupying highly connected and functionally central roles in the network. Across a wide range of neurological disorders, hub brain regions seem to be disrupted, and the character of this disruption can yield insights into the pathophysiology of these disorders. We applied a brain network-based approach to examine hub topology in fibromyalgia, a chronic pain condition with prominent central nervous system involvement. Resting state functional magnetic resonance imaging data from 40 fibromyalgia patients and 46 healthy volunteers, and a small validation cohort of 11 fibromyalgia patients, were analyzed using graph theoretical techniques to model connections between 264 brain regions. In fibromyalgia, the anterior insulae functioned as hubs and were members of the rich club, a highly interconnected nexus of hubs. In fibromyalgia, rich-club membership varied with the intensity of clinical pain: the posterior insula, primary somatosensory, and motor cortices belonged to the rich club only in patients with the highest pain intensity. Furthermore, the eigenvector centrality (a measure of how connected a region is to other highly connected regions) of the posterior insula positively correlated with clinical pain and mediated the relationship between glutamate 1 glutamine (assessed by proton magnetic resonance spectroscopy) within this structure and the patient's clinical pain report. Together, these findings reveal altered hub topology in fibromyalgia and demonstrate, for the first time to our knowledge, a neurochemical basis for altered hub strength and its relationship to the perception of pain.
Introduction
The perception of acute pain is a product of neural activity in a widely distributed brain network, typically following noxious insult. In chronic pain conditions, however, altered processing within this network can create, amplify, or sustain the perception of pain independent of noxious stimulation. 52 Therefore, new methods of modeling brain network activity may offer unique insights into the pathogenesis of chronic pain conditions. 11, 31 Brain networks can be modeled using graph theoretical tools as a set of functional interactions made up of nodes (brain regions) and edges (structural or functional connections between nodes). The organization, or topology, of a network is critical to its function because it influences the efficiency and content of information transfer among nodes. 39, 40 A critical component of brain network architecture is a robust hub structure, wherein hub nodes facilitate efficient information integration by occupying a highly connected and functionally central role in the network. 60 Brain networks also have a higher order level of organization called "rich clubs," in which hubs are more likely to be connected to each other than to nodes with fewer connections. 7, 19, 59 This rich club forms a densely connected core, wherein hubs may act in concert and link different functional systems in the brain. 58, 59 Importantly, although hubs create efficiency, they also create network vulnerability wherein disruption of hub organization can have widespread consequences for information transfer. Hubs may be disproportionately affected in neurological disorders. 8, 56 A recent meta-analysis of 26 diverse brain disorders found that gray-matter alterations were more likely to be in hubs and richclub hubs in particular. 8 Alterations in optimal network structure have been reported in chronic pain disorders. 2, 32, 36 However, how hub topology is altered in chronic pain, and its relationship to underlying neurochemistry and patient self-reported clinical pain is largely unknown. More broadly, it remains unknown how alterations in neurotransmitter levels in a clinical population may relate to changes in hub strength and rich-club membership.
Here, we used a graph theoretical approach in conjunction with resting state functional magnetic resonance imaging (fMRI) and proton magnetic resonance spectroscopy ( 1 H-MRS) to examine global network properties, hub topology, and the relationship to clinical pain and neurochemistry in fibromyalgia (FM), a common chronic pain condition with well-established central nervous system contributions. 4 In addition to widespread pain and hyperalgesia, FM patients display hypersensitivity to multiple modalities of sensory stimuli. 17, 25, 33, 37, 46, 65 Fibromyalgia patients consistently have altered levels of brain activity in regions related to pain and sensory processing, 20, 34 and differences in functional connectivity in pronociceptive and antinociceptive regions. [27] [28] [29] 43 Moreover, FM patients have altered levels of excitatory and inhibitory neurotransmitters within the insula and other sensory processing regions. 13, 23 We hypothesized that the FM brain network would have altered hub organization and richclub membership of sensory processing regions (such as the insula), and that these differences would be related to excitatory neurochemical tone and clinical pain intensity.
Materials and methods

Overview of analyses
We first consider the hypothesis that global network properties are altered in chronic pain by deriving metrics of several global network properties and comparing them between the FM and healthy control (HC) cohorts. We then test group differences at the level of individual brain nodes by deriving a measure of "connectedness" to determine hub status and comparing the strength of these hubs between cohorts. We consider both global hub status and higherorder "rich-club hub" status (described below). To determine how clinical pain relates to hub metrics, we divide our FM sample into patients experiencing low, medium, and high levels of clinical pain at the time of the scan and compare these groups. Using the validation cohort, we attempt to replicate hub status of individual nodes, rich-club membership, and the association between hub metrics and clinical pain. Finally, we explore potential mediated relationships between high levels of Glx in the insula of FM patients and clinical pain ratings through measures of insula node centrality. See supplementary Table 1 for definitions of key terminology (available at http://links.lww.com/PAIN/A729) or Ref. 14 for detailed descriptions and mathematical formulations.
Participants
Discovery cohorts
Data from 40 female FM patients and 46 age-and sex-matched HCs were pooled from previous fMRI studies and analyzed retrospectively using a graph-theoretical approach. The data from 31 FM and 46 HCs were previously published in manuscripts focusing on functional connectivity, 1 H-MRS, and treatment outcomes. 22, 23, 25, 28, 42, 43, 49, 51 Data from the remaining 9 FM patients have not been published. The University of Michigan Institutional Review Board approved the studies, and written informed consent was obtained from all participants in accordance with the Declaration of Helsinki. The major inclusion criteria for FM patients were meeting the American College of Rheumatology (ACR) 1990 criteria for FM and at least 6 months of selfreported chronic widespread pain, a score of $40 mm on a 100-mm pain Visual Analog Scale (VAS) at the time of consenting. Both FM and HCs were 18 to 75 years of age, female, righthanded, and capable of giving written informed consent. Major exclusion criteria for both groups were pregnant or nursing mothers, contraindications to fMRI, positive urine drug screen or history of drug or alcohol abuse within the past 2 years, body mass index greater than 36, severe psychiatric illness, concurrent autoimmune or inflammatory disease that causes pain, or systemic malignancy or infection such as HIV or hepatitis. An additional exclusion criterion for HCs was meeting the ACR 1990 criteria for FM.
Validation fibromyalgia cohort
A separate data set consisting of 11 female FM patients was used as a validation cohort for graph theoretical metrics of resting-state fMRI analyses. The data from these patients were included in a previously published article examining changes in resting state functional connectivity after acute pain stimulation; 27 however, a cross-sectional analysis of resting state connectivity compared with HCs in that sample has not been published. Inclusion criteria for the validation cohort were having met the 1990 ACR criteria for FM, disease duration of at least 1 year, reporting continued pain presence for more than 50% of each day, willingness to forgo new medications or treatments for FM during the study, between 18 and 75 years old, right-handed, and capable of giving written informed consent. Exclusion criteria were current or past use of opioid or narcotic analgesics, history of substance abuse, concurrent autoimmune or inflammatory disease that may contribute to pain, concurrent participation in other therapeutic trials, or a severe psychiatric illness.
Demographics and clinical assessments
A standardized form was used to collect age, race, ethnicity, and current medications (9 FM patients were missing medication data, and 12 HCs were missing race and ethnicity data). Selfreported clinical pain intensity in FM patients was assessed immediately before fMRI using a VAS, with 0 being "no pain" and 10 being the "worst pain imaginable." Depression and anxiety were assessed in a subset of FM patients (n 5 28) and HCs (n 5 32) using the HADS. 67 
Functional magnetic resonance imaging data acquisition
All participants (discovery and validation cohorts) completed a resting state fMRI scan, and 40 FM patients from the discovery cohort and 27 HCs completed a 1 H-MRS sequence of the right posterior insula. Scanning was performed for all subjects on a 3.0 T General Electric (Milwaukee, WI) system with an 8-channel head coil. The MRI scanner at the University of Michigan was upgraded to a new 3.0 T GE system with identical scanning parameters during one of the studies reported on here, so data from 3 FM participants were acquired on the new scanner. Group differences in graph theoretical measures did not change when excluding these participants (data not shown).
Each participant completed a 6-minute eyes-open resting state fMRI scan as described previously. 22, 42, 43 Data were collected using a spiral in-out gradient echo T2*-weighted blood oxygenation level-dependent pulse sequence with the following parameters: repetition time 5 2000 ms, echo time 5 30 ms, 180 volumes, 43 slices parallel to the anterior-posterior commissure plane, and voxel size 3.13 3 3.13 3 4.0 mm. The first 6 volumes were discarded to avoid equilibration effects. A high-resolution structural image was collected for registration purposes (spoiled gradient echo pulse sequence: repetition time 5 14 ms, echo time 5 5.5 ms, inversion time 5 300 ms, 20˚flip angle, 124 contiguous axial slices, and voxel size 1 3 1 3 1.5 mm). Cardiac and respiratory data were collected simultaneously using an infrared pulse oximeter (GE) attached to the right middle finger and a respiration belt placed around the participant's ribcage.
Functional magnetic resonance imaging data preprocessing
Data from the discovery and validation cohorts were preprocessed using identical pipelines. All data were checked for artifacts, and motion was assessed by examining 3 translations (x, y, and z) and 3 rotations (pitch, roll, and yaw). Participants were excluded if the mean absolute motion exceeded 62 mm translation or 61˚rotation in any direction. To check for differences in motion between groups, we calculated the framewise displacement, a combined index of the 6 motion parameters, as described previously. 47 Fibromyalgia and HCs did not differ according to framewise displacement (mean FM: 0.066 6 0.04; mean HC: 0.059 6 0.049; t 5 20.768, P 5 0.444). Resting state data were preprocessed using FSL (http://www.fmrib.ox.ac.uk/ fsl) and SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software) running on MATLAB R2014a (http://www.mathworks.co.uk/products/matlab/). Physiological correction was performed using the RETROICOR algorithm 18 within the Physiological Noise Modelling toolbox in FSL. All other preprocessing steps were performed in SPM8 and included slicetiming, motion correction, coregistration of the structural and functional images, normalization to Montreal Neurological Institute space, and smoothing with an 8-mm FWHM Gaussian Kernel. Preprocessed data were entered into the Conn Toolbox, 64 and a nuisance regression using the aCompCor method 3 was performed with 6 subject-specific realignment parameters, the signal from white matter and CSF, and their first-order derivatives included as confounds. Finally, a temporal filter of 0.008 to 0.09 Hz was applied to focus on lowfrequency fluctuations. 15 2.6. Proton magnetic resonance spectroscopy data acquisition and preprocessing
During
1 H-MRS, the spectroscopic voxel was placed in the right posterior insula (Supplementary Figure 1A , available at http:// links.lww.com/PAIN/A729) as described previously. 23, 24 Singlevoxel point-resolved spectroscopy spectra were acquired while participants were at rest with the following parameters: repetition time 5 3000 ms, echo time 5 30 ms, 90-degree flip angle, number of excitations 8, and number of averages 128, with a voxel size of 2 3 2 3 3 cm 3 . Shimming was optimized using auto-prescan, and the CHEmical Shift Selective (CHESS) water suppression routine was used. Spectra were analyzed offline with LCModel (Stephan Provencher, Oakville, ON, Canada). 48 Raw spectra were fit with a linear combination of pure metabolite spectra using LCModel (the basis set, which was simulated by Stephan Provencher of LCModel, included the following metabolites: Ala, Asp, Cr, PCr, GABA, Glc, Gln, Glu, GPC, PCh, Ins, Lac, NAA, NAAG, Scyllo, and Tau). See Supplementary Figure 1B for a representative spectrum (available at http://links.lww.com/ PAIN/A729). We have previously shown that FM patients have increased levels of glutamate 1 glutamine (Glx) in the posterior insula, 23 and therefore, we focused on these metabolites. Glx values were calculated as concentrations rescaled using the water peak. Concentrations were corrected for CSF in each participant using voxel-based morphometry within SPM8 as previously described. 23 To rule out the possibility of tissue volume biases the 1 H-MRS results, we analyzed the segmented gray-/whitematter and CSF content of the spectroscopic voxel and found that it was not significantly different between groups (Supplementary  Tables 2 and 3 , available at http://links.lww.com/PAIN/A729). Spectra were excluded if the Glx Cramer-Rao bounds exceeded 20% or if the FWHM was greater than 0.12. One FM participant with poor quality spectra was excluded from analysis.
Graph theoretical analyses
The analysis flow is depicted in Figure 1 . We defined the brain network using a set of 264 nonoverlapping nodes based on resting state and task functional connectivity meta-analyses. 5, 30 This set of nodes has been shown to produce reliable network topologies. 6, 10, 54, 62 The 264 nodes were entered into the Conn Toolbox as 10-mm diameter spheres 30 to create Fisher ztransformed bivariate correlation (Pearson's r) matrices (264 3 264) for each participant. To exclude weak or spurious connections, matrices were thresholded beginning with connections in the top 5% and proceeding in steps of 5% up to 40% density, resulting in binary undirected graphs containing the most significant edges. Using the Brain Connectivity Toolbox, 50 we calculated the following graph theoretical measures to assess Figure 1 . Summary of graph theoretical methods. Resting state fMRI data were analyzed for 40 FM patients and 46 HCs. In addition, a separate validation cohort of 11 FM patients was also analyzed. Two hundred sixty-four nodes were defined using the Power atlas 30 that reliably segregate into large-scale resting state networks. Pairwise (Fisher Z-transformed Pearson) correlation matrices were created for each participant, which were thresholded and binarized across a range of network densities. Graph theoretical measures were calculated, and between-group differences were assessed using nonparametric permutation testing. Post hoc correlations between hub measures, clinical pain, and glutamate were also performed. FM, fibromyalgia; fMRI, functional magnetic resonance imaging. www.painjournalonline.comglobal network properties: global efficiency, modularity Q score, clustering coefficient, characteristic path length, and the rich-club coefficient.
There are many graph theoretical measures used to assess hub status, many of which are based on degree (the number of connections a node has) or centrality (the relative importance of a node, or its influence on other nodes, based on network organization).
14 Eigenvector centrality takes into account the connectedness of a node, in addition to the connectedness of that node's neighbors. Because this measure is more qualitative than degree, and because there is no agreed upon standard for categorizing hub nodes, we chose eigenvector centrality as our principle measure for defining hub nodes. We also calculated degree and present those results in the supplementary material (available at http://links.lww.com/PAIN/A729). Degree and eigenvector centrality were calculated using the Brain Connectivity Toolbox. 50 See Ref. 14 for a detailed description and mathematical formulations of graph theoretical measures. To reduce the number of comparisons, for each metric and each node, we averaged across thresholds as previously published. 
Identification of hubs
We assigned hub status to a node if the eigenvector centrality was greater than 1 SD above the group mean. 53, 59 Analyses of between group differences on eigenvector centrality was restricted to hub regions and were examined using nonparametric permutation testing 14, 44 under the null hypothesis that hub nodes in FM and HCs do not differ with respect to eigenvector centrality. We randomly reassigned participants to 1 of 2 groups and calculated a 2-sample t-statistic. We repeated this procedure 10,000 times to form a randomized null distribution for each metric. We rejected the null hypothesis if the actual t-statistic was greater than or equal to the 95th percentile of the null distribution. Significance was set at P , 0.05.
Rich-club organization
We assessed rich-club organization in the average FM and HC brain networks by computing the rich-club coefficients f (k) over a range of degree (k), as previously described. 59 Briefly, the degree of each node was calculated for the FM and HC networks, and all nodes that had a degree #k were ignored. For the remaining nodes in the network, we calculated the rich-club coefficient f (k) as the number of connections between the remaining nodes divided by the total number of possible connections. Random networks can also have an increasing function of f (k) by chance alone; hence, the f (k) is typically normalized (f norm (k)) by a set of random networks. We created 1000 random networks with similar degree distribution and density, and for each level of k, calculated the average rich-club coefficient f random . We determined statistical significance of f (k) at each level of k with permutation testing. Using the random networks created above, we obtained a null distribution of f random (k) values. P-values were estimated as the proportion of f random (k) that exceeded the observed f (k) for FM and HC separately. This was repeated over all levels of k, and a Bonferroni correction (0.05/28) was applied, so that P , 0.001 was deemed significant at 5% density. The range of k in which f (k) is significantly different from f random (k), and where the f norm (k) is greater than one, is the richclub regime. Differences between FM and HC in f (k) at each level of k were tested in SPSS 24 (Armonk, NY) using independent-samples t tests. To assess how rich-club membership varied with clinical pain, we separated the FM group into age-matched tertiles (high n 5 12, medium n 5 16, low n 5 12) based on the VAS clinical pain rating. Differences in f (k) between the tertiles were examined using a 1-way analysis of variance. A Bonferroni correction was applied (0.05/28) and significance set at P , 0.001. For visualization purposes, rich-club nodes were displayed at k 5 22 for FM and k 5 25 for HC, the highest level of k that was significantly different from random networks for the FM and HC groups, respectively.
Examining the relationship between hub status, clinical pain, and Glx
For correlations between eigenvector centrality, clinical pain, and Glx, we performed Pearson correlations in SPSS. To test for differences in clinical variables and Glx between the FM tertiles, we performed 1-way analyses of variance in SPSS. All analyses controlled for age and significance were set at P , 0.05. To test the hypothesis that higher levels of posterior insular Glx influence clinical pain indirectly through greater eigenvector centrality in the insula, we conducted mediation analyses using MPLUS v. 8. Posterior insula Glx was used as the independent variable, and clinical pain on the VAS was used as the dependent variable. Eigenvector centrality values from 2 nodes overlapping the 1 H-MRS voxel for the posterior insula (nodes 43 and 67) were standardized and averaged, and this value was used as the mediating variable. Indirect effects were evaluated by constructing 95% bias-corrected bootstrapped confidence intervals (CIs) using 20,000 resamples. All models controlled for participant age.
Validation analyses
Connectivity matrices for the FM validation cohort were created and thresholded using identical procedures as described above. We attempted to replicate the principal findings from the discovery cohort, specifically determining the hub status of sensory processing regions, group differences in eigenvector centrality of hub nodes, rich-club membership and variation with clinical pain, and finally, the association between eigenvector centrality and clinical pain. The FM validation cohort did not have 1 H-MRS data, and therefore, replication of these findings could not be attempted. The FM validation cohort was compared with all 46 HC participants in the discovery data set. Because of the small sample size of the validation cohort, rich-club membership in relation to clinical pain was examined using a median split to divide patients into high and low clinical pain groups. All other analyses and statistical testing were performed in an identical manner to the discovery cohorts.
Visualization
The visualization of 264 nodes on a brain surface was created in Caret. 9, 61 All other brain surfaces were created using BrainNet viewer. 66 
Results
Clinical characteristics
There was no significant difference in age between FM and HC participants (P . 0.9; Table 1 ). Fibromyalgia patients reported significantly higher clinical pain (VAS) (P , 0.001) and were significantly more depressed and anxious (P , 0.001) relative to HCs. A list of current medications in the FM patients is listed in Supplementary Table 4 (available at http://links.lww.com/PAIN/ A729).
Fibromyalgia and control participants had similar global network properties
Our initial aim was to characterize the global brain network properties of FM patients and controls. At every density of functional connections tested (5%-40%), FM and HC networks had small-world organization, defined as high clustering (local connectivity) and a low average path length between nodes. There were no significant differences between groups in the global efficiency, clustering coefficient, average path length, or modularity of the reconstructed brain networks (all P . 0.4, Supplementary Table 5 , available at http://links.lww.com/PAIN/ A729). As these measures did not differ significantly between groups, and because there is no accepted density for defining nontrivial connections, we averaged metrics across all densities (5%-40%, as previously published 1, 35 ).
Differences in hub status between fibromyalgia patients and controls
To investigate the nature or quality of edges made in the reconstructed brain network, we calculated the eigenvector centrality of each hub node. The eigenvector centrality accounts for the quantity and quality of connections by taking into account the degree of a node and the degree of that node's neighbors. We assigned hub status to nodes whose eigenvector centrality was greater than 1 SD above the mean, for each group separately (Fig. 2) . The bilateral anterior insulae, mid insulae, primary motor cortex (M1), primary somatosensory cortex (S1), supplementary motor area (SMA), and superior temporal gyrus (STG) were hubs in FM. Hubs in HCs were more dominant in frontal and posterior regions, including the superior frontal gyrus (SFG) and primary, secondary, and visual association cortices (V1, V2, and V3). All hubs for each group are listed in Supplementary Table 6 (available at http://links.lww.com/PAIN/A729). To determine exactly which hubs were altered, we determined group differences in eigenvector centrality using permutation testing. Fibromyalgia patients, compared with HC, had higher eigenvector centrality in the bilateral anterior insulae, bilateral STG, 2 nodes in the left M1/ operculum, 2 nodes in the right mid insula, right inferior parietal lobule, left precuneus, and the right posterior cingulate. Healthy controls had greater eigenvector centrality in the bilateral mid temporal gyrus, and medial prefrontal cortex. All significant differences are listed in Table 2 . Hub regions and differences between groups were similar when measured with degree ( Supplementary Fig. 2 and Supplementary Tables 7 and 8 , available at http://links.lww.com/PAIN/A729). Analyses were repeated in a subset of FM patients (n 5 28) and HCs (n 5 32) who also had depression and anxiety measures. Most of the differences between groups (including M1, mid insula, and the bilateral anterior insulae) remain significant after controlling for depression and anxiety (all P , 0.05; data not shown).
Altered rich-club membership in fibromyalgia
Next, we examined higher-order rich-club classification in patients and controls. The rich-club curves for the group averaged networks at 5% density are displayed in Figure 3A .
Both FM and HC brain networks had a rich-club organization, which differed from random networks, but the rich-club coefficients were not significantly different between groups. In FM, the rich-club regime (defined as f (k) significantly different from f random (k), and f norm (k) . 1) was between k 5 4 to k 5 6 and k 5 8 to k 5 22. In HC, the rich-club regime was over a range of k 5 2 to k 5 25. The illustrated rich-club regions for FM and HC (k 5 22 for FM and k 5 25 for HC; the highest level of k that was significantly different from random networks for each group) are depicted in Figures 3B and C. Although there was no significant difference in the level of rich-club organization between FM and HCs, the hubs that constituted the rich club were different between groups. Most importantly, the bilateral anterior insulae, anterior and mid cingulate cortices were members of the rich club in FM patients but not controls. Results were similar for most other network densities tested and are illustrated in Supplementary Fig. 3 (available at http://links.lww.com/PAIN/A729). 
Rich-club membership is associated with clinical pain
To determine if rich-club membership was related to clinical pain, we divided the FM group into age-matched tertiles based on the level of clinical pain on the day of the scan. As expected, the tertiles had significantly different pain ratings (VAS mean 6 SD, high: 7.0 6 1.2, medium: 5.1 6 1.5, low: 2.5 6 1.6, F (2,37) 5 29.02, P , 10 28 ). There were no significant differences between the tertiles in age (F (2,37) 5 0.55, P 5 0.58). The rich-club coefficient, f (k), was not significantly different between the tertiles for any level of k; however, the hubs comprising the rich club in each tertile were markedly different (Fig. 4) . The rich-club nodes in the high pain group were predominantly in S1/M1, STG, and the anterior and posterior insula. The medium pain group rich club included fewer S1/M1 regions and the anterior insula, with a general shift toward more posterior and default mode network (DMN) regions. Finally, the rich club in the low pain group primarily contained nodes in the frontoparietal, DMN, and visual networks. Results were similar across all other thresholds tested and are illustrated in Supplementary Fig. 4 (available at http://links.lww.com/PAIN/A729).
The relationship between eigenvector centrality and clinical pain
In an exploratory analysis, we correlated the eigenvector centrality of all nodes in the brain network with the level of clinical pain in FM patients. The eigenvector centrality of 14 nodes in bilateral S1/M1, 3 nodes in the bilateral STG, 2 nodes in the right posterior insula, and 1 node each in the right SMA and right supramarginal gyrus positively correlated with clinical pain (all r . 0.3, P , 0.05, Fig. 5 and Supplementary Table 9 ; available at http://links.lww.com/PAIN/A729). Five of these nodes (3 in bilateral M1, 1 in the supramarginal gyrus, and 1 in the right posterior insula) belonged to the rich club only in the high pain FM tertile. Again, most of these correlations remained significant after controlling for depression and anxiety in the subset of FM patients with these measures (all P , 0.05; data not shown).
Graph theory metrics mediate the relationship between glutamate within the posterior insula and clinical pain intensity
As the right posterior insula was a member of the rich club in FM patients with the highest levels of clinical pain, we sought to examine the relationship between hub strength, clinical pain, and Glx. Right posterior insula Glx (CSF-corrected values) was significantly different between the FM pain tertiles and HC (F (3,62) 5 4.37, P 5 0.007). Specifically, the high pain group had significantly higher Glx in the right posterior insula compared with the low pain group (mean 6 SD high: 12.76 6 1.13, low: 11.20 6 1.42, P 5 0.013) and compared with HC (mean 6 SD HC: 10.97, P 5 0.001).
Two nodes overlapped with the 1 H-MRS voxel in the right posterior insula (Fig. 6A) . The standardized and averaged eigenvector centrality of these 2 posterior insula nodes positively correlated with clinical pain (r 5 0.419, P 5 0.008, Fig. 6B ) and Glx (r 5 0.320, P 5 0.05; Fig. 6B ). In mediation analyses, higher posterior insula Glx was associated with greater clinical pain indirectly through increased averaged posterior insula eigenvector centrality (B 5 0.132; 95% CI 5 0.016-0.399). The direct effect of insula Glx on clinical pain was also significant (B 5 0.387, P 5 0.026). The R 2 value for clinical pain in this model was 0.422. See Figure 6C for standardized estimates and CIs of each path in the model.
Validation of results in a novel fibromyalgia cohort
We repeated a majority of the analyses in a small cohort of 11 FM patients. The discovery and validation of FM patients did not differ in respect to age (mean 6 SD: 39.6 6 12.1, P 5 0.87) or clinical pain intensity (mean 6 SD: 5.1 6 2.1, P 5 0.76). See supplementary Table 10 for a summary of the validation results (available at http://links.lww.com/PAIN/A729). The anterior insula, M1, and S1 were not hub brain regions in this sample, and group differences in eigenvector centrality did not replicate ( Supplementary Fig. 5 and Supplementary Tables 11 and 12 , available at http://links.lww.com/PAIN/A729). Similar to the FM discovery sample and HCs, the validation FM brain networks possessed a rich-club organization that was significantly different from random networks. Similar to the FM discovery cohort, the FM validation rich club included the mid and dorsal anterior cingulate cortex; however, the anterior insula was not a member of the rich club ( Supplementary Fig. 6 , available at http:// links.lww.com/PAIN/A729). The low and high pain validation groups had similar mean clinical pain intensity ratings compared with the low and high discovery tertiles (low FM discovery VAS mean 6 SD: 2.5 6 1.6; low FM validation VAS mean 6 SD: 3.18 6 1.28; high FM discovery VAS mean 6 SD: 7.0 6 1.2; and high FM validation VAS mean 6 SD: 6.72 6 0.75). Similar to the FM discovery cohort, the bilateral mid insula were members of the rich club in the high pain validation group, but not the low pain validation group ( Supplementary Fig. 7A , available at http://links.lww.com/ PAIN/A729). At higher thresholds, the anterior insula, mid insula, M1, and S1 were hubs only in the high pain validation group 
Discussion
In the discovery cohort, we have shown that hubs, the brain regions critical to the efficient transfer and integration of information, are altered in FM patients. Several regions linked to pain and sensory processing such as the anterior insula, STG, and M1 were hubs in FM but not in HCs. The bilateral anterior insulae, STG, right mid insula, and left M1 had more connections to other nodes with high functional importance (ie, higher eigenvector centrality) in FM compared with HCs. Furthermore, in FM, the anterior insulae, mid, and anterior cingulate were members of the higher-order hub structure (the rich club), and rich-club membership varied with the level of clinical pain, such that the somatosensory, motor, and insular cortices belonged to the rich club in patients experiencing high levels of clinical pain. Finally, this study demonstrates, for the first time to our knowledge, a neurochemical correlate of altered hub topology and its relationship to the perception of pain. Taken together, these data suggest that sensory and pain-related brain regions play an outsized role in information flow and integration in the brains of FM patients. We attempted to replicate these findings in a small FM validation cohort. The anterior insula was not a hub or a member of the rich club in the validation group, nor was the eigenvector centrality of this region significantly higher than controls. However, the mid and anterior cingulate were members of the rich club, and rich-club membership varied with clinical pain such that the mid insulae were also rich-club hubs in the high pain validation group. Furthermore, the eigenvector centrality of the anterior, mid, and posterior insula positively correlated with clinical pain in the validation group. Previous studies have examined network organization in other chronic pain conditions. Chronic back pain patients had increased functional connectivity between hubs in the DMN and the insula relative to HCs. 57 Similarly, increased cross-network communication between the DMN and the salience network was found in patients with ankylosing spondylitis, which also correlated with the level of clinical pain. 26 The most comprehensive analysis to date found altered whole-brain degree rank order in 3 chronic pain populations relative to HCs. 36 However, this study did not examine hubs specifically. Instead, it assessed the variability in community membership. The insula was a member of the sensorimotor network in most HCs; however, allegiance in chronic pain conditions was split between the sensorimotor, default mode, and subcortical networks. Our finding of increased hub strength in the bilateral anterior insulae in FM is consistent with these studies.
A key attribute of brain networks is the rich-club organization, in which high-degree hubs form a densely interconnected core. The rich club may serve to integrate information because rich-club hubs are often distributed in many different resting state networks. 59 In the current study, we found both FM and HC networks possessed, by global assessment, a similar level of richclub organization. However, the specific membership of the rich club varied between groups. This is a critical finding because it suggests that information flow in FM brain networks is qualitatively, rather than quantitatively, different. The salience network, while completely absent in the rich club of HCs, was represented in the FM rich club and included the bilateral anterior insulae, mid, and anterior cingulate cortices. The rich-club visual nodes in HCs formed a stand-alone network, consistent with previous studies showing a low level of integration in the functional rich club of healthy adults. 21 Interestingly, in FM, the visual nodes were integrated into the rich club. Balenzuela and colleagues reported a disruption in the community membership in chronic back pain patients such that the insula was abnormally integrated into the auditory system and dorsal visual stream. 2 Given our previous findings of visual hypersensitivity and increased insular activation during an unpleasant visual stimulus in FM, 25 it is possible that altered rich-club membership and integration contributes to the phenomenon of multimodal sensory sensitivity observed in many chronic pain patients. This hypothesis would also suggest that targeting FM-specific rich-club nodes could improve both pain and aversive nonpainful experiences such as sensitivity to light and sound.
Within our FM patients, rich-club membership varied as a function of clinical pain. In general, the distribution of rich-club nodes shifted from the default mode, frontoparietal, and visual networks in the low pain FM group, to the sensorimotor, cinguloopercular, and salience networks in the high pain FM group. Patients with the highest levels of clinical pain had richclub nodes mainly in S1, M1, SMA, STG, operculum, anterior, and posterior insula. The high pain rich club had just 1 DMN node and 7 nodes in the visual network, whereas the low pain group had 13 DMN and 20 visual network regions. These results suggest that the intensity of chronic pain is related to rich-club membership.
We also found that the eigenvector centrality of the posterior insula was positively correlated with the level of clinical pain in all FM patients, and that posterior insula Glx was significantly higher in the high pain tertile compared with the low pain FM group. Importantly, we demonstrated that eigenvector centrality of nodes within the posterior insula region showing elevated Glx mediates the relationship between this neurotransmitter and clinical pain. Thus, altered neurochemistry in an individual hub could alter functional network properties that result in the experience of pain. These data are consistent with a recent preclinical study wherein either increasing glutamate or decreasing GABA in the insula led to increased hyperalgesia and allodynia in naive rats. 63 The insula's role as a sensory integration region that is critical for pain perception is also supported by studies in which direct electrical stimulation of the posterior insula elicited painful sensations, 38, 45 and insular lesions alter pain perception. 16 We previously showed that FM patients have decreased g-aminobutyric acid (GABA), the brain's major inhibitory neurotransmitter, in the anterior insula and increased levels of posterior insula Glx relative to HCs. These alterations in GABA and Glx were associated with increased experimental pain sensitivity. 13, 23 Furthermore, posterior insula Glx decreased after treatments that reduced pain in FM. 22, 24 Together with the preclinical data, 63 these findings indicate that the excitatory-inhibitory balance in the insula exerts a causal influence on pain perception. Why might hubs be preferentially affected in chronic pain? Stam 56 hypothesized that since hubs are damaged or reorganized in many different neurological disorders, there must be a general mechanism that makes hub brain regions more vulnerable. He suggests that, in the acute phase, traffic to a failing node is rerouted to existing hubs, which become overloaded. This would be observed as an increase in the degree or centrality of hubs relative to healthy networks. In the chronic phase, new hubs seem to avoid or compensate for hub overload. This would be reflected as a decrease in the degree or centrality of "healthy" hubs and the appearance of new hubs.
In the chronic pain patients studied here, we demonstrated the presence of sensory/pain hubs (anterior/mid insula, M1, and S1) in FM and the absence of certain hubs seen in HCs (visual cortex and SFG). The lack of convincing evidence of peripheral pathology in FM 4 suggests that this reorganization is not due to a barrage of nociceptive input, but rather is more likely due to alteration in excitatory neurotransmission in pronociceptive brain regions. 63 The mediation analysis described here is consistent with a model in which higher Glx in the posterior insula increases the eigenvector centrality of posterior insular nodes and, consequently, clinical pain. Longitudinal analyses will be required to determine whether these effects are causal in chronic pain patients.
A methodological limitation of graph theoretical analyses is the arbitrary thresholding and binarization process, which leads to the loss of information, specifically, anticorrelations. However, binary networks retain the most significant correlations and may be less sensitive to noise and easier to interpret. 50 We examined a relatively small number of female patients, and many of the patients studied here were taking medications to manage their symptoms. Finally, we have published reports of increased functional connectivity between the insula and the DMN in some of the same FM patients studied here. 28, 43 However, the previous studies did not use a whole-brain network approach nor did they examine the functional organization of these networks.
In conclusion, we demonstrated altered hub topology in FM and showed that disruptions in the excitatory tone within the insula altered the strength of this region as a hub and was associated with clinical pain intensity. Although cross-sectional in nature, these data suggest the possibility that disruption and reallocation of rich-club hub membership plays a causal role in the symptomatology of FM. Noninvasive brain stimulation may alter network dynamics and the neurochemistry of regions underneath and distal to the stimulating electrode.
12,41,55 Future studies should explore targeting hub brain regions to personalize treatment in chronic pain patients. www.painjournalonline.com
